This is a critical review of the literature related to the neurodevelopmental hypothesis of schizophrenia which posits that the illness is related to abnormal brain development. The review focuses on data deriving from clinical studies, and it is organized according to the life phase from which the data were collected: conception and birth, infancy and childhood up to the onset of the illness, after illness onset, and postmortem. The neurodevelopmental hypothesis is supported by several pieces of evidence, including increased frequency of obstetric complications in patients with schizophrenia; the presence of minor physical anomalies; the presence of neurological, cognitive, and behavioral dysfunction long before illness onset; a course and outcome of the illness itself that is incompatible in most cases with a degenerative illness; the stability of brain structural measures over time; and the absence of postmortem evidence of neurodegeneration. A historical perspective on how this research accumulated and a section addressing important areas of future investigation are also provided. We conclude that schizophrenia is certainly not a degenerative brain disorder, and that it is likely that a brain insult in utero or at birth plays a role in its expression. Current evidence cannot completely exclude the role of environmental variables after birth. In addition, it is possible that other psychiatric disorders may also have a neurodevelopmental component.
The pathophysiology of schizophrenia is a ing the perinatal period. This hypothesis does mystery. The neurodevelopmental hypothesis not exclude the possibility of a genetic preof schizophrenia (Weinberger, 1986) has been disposition influencing the occurrence or particularly popular for the last decade and outcome of such a lesion. A recent epidemiohas widespread support in the literature. This logical survey (Mortensen, Pedersen, Westerhypothesis posits a subtle disease process af-gaard, Wohlfahrt, Ewald, Mors, Andersen, & fecting critical circuits in the brain during Melbye, 1999) found that place of birth (urearly development and reaching full-blown ban environments) and time of birth (late winconsequences during adolescence or early ter) have important implications for schizoadulthood. This is the time when a number phrenia expression, even beyond the familial of normal molecular changes in frontal cortex genetic loading, clearly implying that exogeoccur, and this maturational process may "en-nous factors during fetal life influence risk for able" the clinical expression of the disorder. the illness. Some evidence favors damage occurring durWe will review herein some of the evidence and the caveats surrounding the neurodevelopmental hypothesis. We will touch on even prior to illness onset, on neuropsycho-it started becoming clear that the neuropsychological pattern of schizophrenia was not a logical evidence for a static encephalopathy, and on results from the neuropathological and progressively deteriorating one (Aylward, Walker, & Bettes, 1984) . The first data conthe structural imaging literature that are consistent with the neurodevelopmental hypothe-cerning cerebral asymmetries in schizophrenia (see below) also date back to this time (Luchsis. We will organize this discussion according to the phase of life from which the ins, Weinberger, & Wyatt, 1979) .
Further clues leading to the developmenevidence has been collected. We will set this into the historical framework of how the re-tal hypothesis emerged in the early 1980s as convincing evidence of increased ventricle search in this field has generated the questions we are asking today and what questions will size were reported as the first unequivocal biological markers of the illness (Johnstone, need to be answered in the future to prove or disprove the neurodevelopmental theory. Be-Crow, Frith, Husband, & Kreel, 1976; Wein- berger, DeLisi, Perman, Targum, & Wyatt, cause of space limitations, it is not possible to provide a comprehensive review of all of the 1982; Weinberger, Torrey, Neophytides, & Wyatt, 1979) . The fact that this biological inevidence or a complete reference list.
dicator was present from the onset of the illness and that it did not advance with illness A Brief Historical Perspective duration even in longitudinal studies (Illowsky, Juliano, Bigelow, & Weinberger, 1988 ) Although schizophrenia, as originally described by Kraepelin (1978) and Bleuler strengthened further the assumption that a neurodegenerative process was not responsi- (1902) , was considered an adult onset brain disorder, analogous to other dementing condi-ble. Evidence that ventricular enlargement was associated with poor premorbid adjusttions such as Alzheimer disease, Kraepelin (1978) and Bleuler (1902) both noted that pre-ment during childhood and that ventricular enlargement existed at the time of the first morbid signs were often observed early in childhood. For most of this century, research-break suggested that the determining biology was present long before the apparent clinical ers who studied the biology of this condition searched for evidence of brain degeneration. onset (Weinberger, Cannon-Spoor, Potkin, & Wyatt, 1980; Weinberger et al., 1982) . FiTo some degree, this search continues today. That neurodegeneration is not considered as nally, the fact that throughout the "golden years" of neuropathology studies of schizolikely as it earlier was is largely because repeated efforts to find convincing evidence of phrenia-that is, the first half of this century-gliosis was consistently not observed it failed (Kirch & Weinberger, 1986) .
The seeds of the neurodevelopmental hy-was reinterpreted to reflect an early developmental window of brain involvement. By the pothesis were laid in the late 1940s and 1950s by the retrospective observations of Bender end of the 1980s, a comprehensive formulation of the neurodevelopmental hypothesis (1947) and Fish (1957) . In the 1970s and early 1980s the first retrospective studies of would emerge (Weinberger, 1986 (Weinberger, , 1987 that already included educated guesses on the role schizophrenia had revealed a pattern of abnormalities in neurological and behavioral pa-of dopaminergic systems in the brain and the contribution of limbic and prefrontal patholrameters dating back to childhood (Watt, 1972) , and initial prospective studies had got-ogy. These basic concepts have not been challenged since, and in fact further evidence has ten underway (Fish, 1977) . From this period, seminal longitudinal studies (Tsuang, Wool-accrued to bolster their credibility. Indeed, this paradigm shift in thinking about schizoson, & Fleming, 1979) indicated that some degree of recovery was well within the phrenia led to an explosion of epidemiological studies about prenatal, behavioral, and debounds of schizophrenia, thus undermining the Kraepelinian concept of schizophrenia as velopmental factors associated with the illness. These latter studies have provided the a degenerative disease of early adulthood ("dementia praecox"). Even more to the point, most compelling evidence in support of the neurodevelopmental hypothesis. A concept OCs. Some of the risk factors that have been identified as conferring a higher risk for the that is especially relevant to brain development and schizophrenia is that a brain lesion development of schizophrenia are preeclampsia (a condition where edema, elevated blood can remain at least clinically silent until normal developmental processes bring the struc-pressure, and proteinuria are present during the last third of gestation: it is thought to be tures affected by the lesion "on line." This is particularly true of prefrontal cortical areas the result of poor placental perfusion and is associated with reduced fetal nutrition), small that mature late in the course of development and that may be the developmental "effector" head circumference, low birth weight, Rh incompatibility, fetal distress, weight heavy for of the emergence of the schizophrenic syndrome. The observation that psychotic mani-length, and abnormal presentations (see McNeil, 1996 , for a review). festations of congenital and acquired medical conditions are most common between adoles-A particularly noteworthy recent study (Dalman, Allebeck, Cullberg, Grunewald, & cence and the late 30s (Achte, Hillbom, & Aalberg, 1969; Hyde, Ziegler, & Weinberger, Koster, 1999) determined the impact of OCs from an unselected sample of more than 1992; Weinberger, 1987) supports this view.
The 1990s have brought new information 500,000 births in Sweden. The authors identified 238 cases with a diagnosis of schizophreto all the fields that have contributed to a further clarification of the neurodevelopmental nia and, importantly, controlled in their analysis for the excess risk conferred by the mother hypothesis, including epidemiological investigations, longitudinal studies of people at risk, having a psychotic illness. The relative risk for schizophrenia was increased up to 2.5 outcome studies, advances in magnetic resonance imaging (MRI) and neuropathological times by preeclampsia, gestational age below 33 weeks, inertia of labor, vacuum extraction, investigations. Moreover, important discoveries in the fields of developmental neurosci-respiratory illness, and low birth weight. Diagnostic outcomes were assessed at age 22 ence, neurogenesis, and neuronal plasticity have modified dramatically the way we think years, so we might expect even more patients to be diagnosed in the next 10 years. After about neural development (for a detailed review see Cicchetti & Cannon, 1999) . The lit-logistical regression, preeclampsia remained the strongest risk factor, increasing the risk erature of the last decade that addresses the neurodevelopmental hypothesis of schizo-for schizophrenia between 2 and 2.5 times.
Extreme prematurity also increased risk for phrenia is cited extensively in the sections below.
schizophrenia by more than 2 times, while several mechanisms responsible for fetal hypoxia increased risk less consistently (with Evidence From Conception to Birth the exception of cesarean section due to fetal distress, which also increased risk by 2.5 Obstetric complications times). OCs seemed to be associated with schizophrenia more frequently in males rather The neurodevelopmental hypothesis of schizophrenia predicts that there would be evi-than females, but this finding might be a consequence of the earlier median age of onset dence for untoward events during pregnancy or at delivery occurring at higher rates in per-for males and their consequent overrepresentation in this sample (about 60% of the samsons who subsequently develop schizophrenia as opposed to people who do not. This has ple). It should also be noted that in spite of the statistical significance of the results, the been investigated by linking pregnancy and birth records to psychiatric records in coun-absolute increase in risk is small. Indeed, only 11 cases involved preeclampsia, 5 involved tries where both are available. A comprehensive review of the literature (Geddes & Law-extreme prematurity, and 2 involved very low birth weight. rie, 1995) concluded that people with any obstetric complications (OCs) may be at twice Low birth weight has been found to be a risk factor in some other studies (e.g., Rifkin, the risk for schizophrenia than people without Lewis, Jones, Toone, & Murray, 1994) , but to have a younger age of onset, another risk factor for poor outcome. There are, however, many investigations have not found significant differences in birth weight between con-data that do not support these findings (Nimgaonkar, Wessely, Tune, & Murray, 1988) . trols and patients with schizophrenia (see McNeil, 1996 , for review). McNeil has criticized Several notes of caution in interpreting the literature on OCs are in order. Some of the the positive findings by noting that low birth weight has not been controlled for gestational scales that are used to score OCs add together distress at birth with in utero complications age. However, low birth weight has again been linked with risk for schizophrenia in a such as malnutrition during pregnancy or eclampsia. Therefore, these studies link eviwell-controlled recent study conducted in Finland (Jones, Rantakallio, Hartikainen, Iso-dence of a "generic" insult to the fetus, at any time during gestation or delivery, with the hanni, & Sipila, 1998) . This study included 76 cases with schizophrenia out of a cohort of subsequent outcome of schizophrenia. Moreover, a considerable number of scales for rat-11,000 whose pregnancy records were collected in the 1960s. Low birth weight and ing OCs have been developed and have not been used uniformly in the literature (see Mcshort gestation each independently conferred increased risk for schizophrenia, whereas be-Neil, 1996, for critique). Some of the studies (Rifkin et al., 1994) were conducted purely ing small for gestational age did not. No other OC was significantly associated with schizo-on the basis of maternal recall, which may be inaccurate or biased, though this is debated phrenia. An interesting association that was found in this study was that mothers of pa-(O'Callaghan, Larkin, & Waddington, 1990) .
A potentially important technical issue is that tients with schizophrenia reported being depressed during pregnancy more frequently almost none of the studies cited above consider drug and alcohol use in pregnancy as than mothers of probands without the disorder.
possible risk factors. Tobacco use is considered as a confound only in the study by Jones A further prediction that might be made based on the neurodevelopmental hypothesis et al. (1998) . It is clear that drug and alcohol use are very likely to increase the frequency is that patients who have suffered documented OCs, and presumably more "brain damage," of OCs and to affect the fetal brain. For example, recent studies show that tobacco use durwill have a more severe course of illness in comparison to those who have not. Data sup-ing pregnancy is associated with a higher risk for violent criminal behavior in the offspring. porting this contention come from a recent study by Robinson, Woerner, Alvir, Geisler, OCs do not appear to be specific for schizophrenia. An increased frequency of OCs has Koreen, Sheitman, Chakos, Mayerhoff, Bilder, Goldman, and Lieberman (1999) indicat-been reported in association with bipolar disorder (Marcelis, van Os, Sham, Jones, Giling that first-episode patients who are refractory to treatment and continue to have varry, Cannon, McKenzie, & Murray, 1998) , although Verdoux and Bourgeois (1993) disabling positive symptoms even after aggressive attempts at treatment are more likely found that OCs were more frequent in patients with schizophrenia compared directly with to have OCs in their history. Similar findings were reported by Wilcox and Nasrallah patients with bipolar disorder. Birth complications also have been related to disruptive (1987), who found OCs to be more common in patients with a chronic course than in pa-behavior in adolescents, antisocial behavior, autism, and "minimal brain dysfunction." tients with good prognosis. Cannon, Mednick, and Parnas (1990) found that OCs were asso-Most of these studies, however, involved small samples. Nelson and Ellenberg (1984) ciated with schizophrenia with predominantly negative symptoms, possibly a form of the ill-showed a very strong association between
OCs and neurological complications such as ness with poorer outcome and more prolonged course. O'Callaghan, Gibson, Colohan, Buck-cerebral palsy, and this is a well-established finding. ley, Walshe, Larkin, and Waddington (1992) found that patients with OCs were more likely Another caveat is that most of the studies addressing this theme do not differentiate ac-less consistency, though influenza appears to be only one of many potential etiological cording to the timing of OCs. One of the problems in interpreting the implications of agents: diphtheria and pneumonia were implicated by Watson, Kucala, Tilleskjor, and OCs is understanding how causes acting in the 2nd or 3rd trimester or in the perinatal Jacobs (1984), measles, polio, and varicella by Torrey, Rawlings, and Waldman (1988) . period end up with a similar outcome. A disruption in brain development at different Also, some influenza epidemics during this century had an association with excess schizotimes might be expected to result in different forms of brain malfunction. Indeed, one of the phrenia births and others did not (McGrath, Pemberton, Welham, & Murray, 1994) . Most perplexing aspects of the OC literature is the variability from one study to another of ex-importantly, even considering only the positive results, influenza can account only for a actly which OC confers increased risk.
In summary, there is consistent evidence of minority of the cases of schizophrenia. For example, Barr, Mednick, and Munkjorgensen increased OCs being associated with schizophrenia; however, the overall effect on the oc- (1990) calculated that only 4% of cases of schizophrenia could be accounted for by incurrence of schizophrenia is small. The OC literature demonstrates that abnormalities in fluenza exposure in the epidemics where it had an apparent effect. A thoughtful review the gestational microenvironment may affect brain development in a manner that is related by McGrath and Castle (1995) concludes that the strength and specificity of the association to the expression of schizophrenia. However, there is little evidence for a specific neurode-between in utero exposure to influenza and schizophrenia remain weak. It also should be velopmental effect, either in terms of the timing of the abnormal event or in its effect on noted that the pathogenetic mechanism by which influenza in utero might produce schizthe determination of psychopathology.
One possible etiological factor that has ophrenia is unclear (Cotter, Takei, Farrell, Sham, Quinn, Larkin, Oxford, Murray, & been a subject of considerable discussion and investigation as a cause of in utero damage is O 'Callaghan, 1995) . Finally, influenza exposure in utero has also been linked to affective exposure to viruses. An association has been found between some influenza epidemics, es-disorders in the same Finnish population that generated the initial data set for schizophrenia pecially the European one of 1957, and an excess of births that would later develop schizo-(Machon, .
Another potential specific prenatal causphrenia (Mednick, Machon, Huttunen, & Bonett, 1988) . This observation has been rep-ative agent that has been explored is malnutrition. Exposure to malnutrition during the licated in several countries, (e.g., McGrath, Pemberton, Welham, & Murray, 1994) . Ac-Dutch famine of 1944 (Susser, Neugebauer, Hoek, Brown, Lin, Labovitz, & Gorman, cording to these studies, the fetus, judging from its date of birth, should have been in the 1996) has been reported to increase schizophrenia cases, especially if the exposure was 2nd trimester of pregnancy when exposed to the virus. Only a few of these studies at-in the 1st trimester. Also, the risk for affective psychoses was increased, but for exposures in tempted to verify whether mothers had actually suffered from a viral infection during the last 2 trimesters (Brown, van Os, Driessens, Hoek, & Susser, 1999) . These observatheir 2nd trimester, and their results are controversial. In particular, while Mednick, Hut-tions have not been independently replicated, and negative results have emerged from other tunen, and Machon (1994) later found an association between influenza exposure and worldwide famines. Finally, one recent study (Rantakallio, Jones, Moring, & VonWendt, schizophrenia in their original 1988 cohort, Crow, Done, and Johnstone (1992) , using the 1997) reported that risk for schizophrenia is increased for proven CNS infections in childBritish birth cohort of 1957, found no evidence of such an effect.
hood up to age 14 years. The general point to be made from this litIn studies that reviewed the effect of epidemics other than the one in 1957, there is erature appears to be that many nonspecific causes can perturb the brain and its develop-A more recent study (Lane, Kinsella, Murphy, Byrne, Keenan, Colgan, Cassidy, Sheppard, ment at different points in time and perhaps increase the risk for psychosis to emerge later. Horgan, Waddington, Larkin, & O'Callaghan, 1997) found that the combination of 12 variThe 2nd trimester may be a particularly vulnerable period of development, and the 1957 ables, all related to cranial morphology, allowed a correct classification of 90% of painfluenza epidemic might have conferred a particularly clear risk, but this event still ac-tients with schizophrenia and 80% of a matched sample of controls. counts for only a minority of patients with the illness. Nonspecific insults to the brain (from Many of the themes that we described for the OC literature are true also for the minor drug exposure to head trauma to epilepsy) also are sometimes thought to cause schizo-physical anomalies literature: they have been associated with other disorders characterized phrenia-like syndromes in adulthood, which appears to be a particularly vulnerable period by developmental disturbance in utero and influenced by genetic factors (e.g., in Down of life for the expression of psychotic symptoms regardless of the manner of brain insult syndrome, hyperactivity, and autism) and they may be associated with forms of schizophre- (Hyde et al., 1992; Weinberger, 1987) . Moreover, the same developmental causes that in-nia with poor outcome (Green, Satz, Soper, & Kharabi, 1987) . Some studies have compared crease risk for schizophrenia may also increase risk for other disorders, including the frequency of these features in schizophrenia and bipolar disorder (Green, Satz, & affective psychosis. These observations about nonspecificity of the insult and of the result-Christenson, 1994), generally finding higher prevalence of these anomalies in schizophreing syndrome raise the possibility that schizophrenia may not be an illness per se but an nia. However, the groups studied were quite small. abnormal pattern of neural responses that can be determined early on in development be-A major limitation of the physical anomalies findings is that their frequency in healthy cause of a variety of perturbations. subjects is sometimes surprisingly high (up to 50% for some craniofacial abnormalities; Minor physical anomalies Lane et al., 1997) , raising the question of whether they are truly anomalies at all. It The data reviewed thus far suggest that the OCs associated with the later development of should be noted as well that subtle effects of medication, including Parkinsonism or dyskischizophrenia are quite nonspecific. Given this apparent fact, we might expect that other nesias, have not been ruled out as a possible confound. Moreover, the interpretation of organs are affected in their development at the same time as the brain. Some evidence exists these studies is based on the assumption that since classical developmental syndromes are for the occurrence of an excess of physical anomalies outside the brain in patients with associated with marked deviations from the norm of facial features, physical deviance, if schizophrenia (Green, Satz, & Christenson, 1994) . These are generally minor physical present in schizophrenia, must be developmental in origin. This assumption may not be anomalies ranging from webbed toes to altered craniofacial morphology.
valid for traits that are highly represented in the normal population (Weinberger, 1999b) . The physical anomalies that seem to differentiate more clearly patients with schizophrenia from other patient groups are mostly Evidence From Childhood and craniofacial. According to Lane, Larkin, Wad-Adolescence Prior to Illness Onset dington, and O'Callaghan (1996) , who provide an extensive review on this topic, palate If a disturbance of brain development occurs during gestation or around birth in schizoheight, bifid tongue, ear protrusion, supraorbital ridges, eye fissure inclination, epican-phrenia, then it may manifest itself at least in some form even prior to the onset of the clinithus, and widened helix are some of the features more commonly found in schizophrenia. cal illness. We might therefore expect people who later develop schizophrenia to show ei-tion." All of the 7 subjects who developed schizophrenia-spectrum disorders in adultther neurological or behavioral abnormalities during childhood and adolescence. Many hood had pandysmaturation in childhood (Fish et al., 1992) . studies have found abnormalities in motor behavior, cognition, and social relatedness in
The results of several studies of motor and neurological development in children at risk children who later developed schizophrenia. For each type of premorbid disturbance, data for schizophrenia are substantially consistent with Fish et al.'s initial findings (1992) . Genare available from primarily three different sources: studies of children at high risk for erally, they tend to support a deficit or delay in motor performance present already during schizophrenia, retrospective studies, and prospective birth cohort studies.
infancy and persisting during adolescence in a substantially higher portion of children at risk as compared to controls. The studies Motor skills known as the "NIMH Israeli Kibbutz-City Study" (Marcus, Hans, Nagler, Auerbach, Early clinical observations by Bender (1947) and subsequently Fish (1957) , raised the pos- Mirsky, & Aubrey, 1987) are among the few studies of offspring of schizophrenic mothers sibility that certain motor abnormalities were a childhood manifestation of risk for schizo-where subjects at risk were followed up into their 20s. The same group of investigators phrenia. Many studies with different methodologies followed these initial observations. conducted another independent study (known as "the Jerusalem Infant Development study") One approach has been to study children of parents with schizophrenia. These children are involving neurological follow-up at several time points during development. The Jerusaknown to have a 10 times higher likelihood of developing schizophrenia than people born lem cohort has not gone through the full period at risk. Interestingly, in the first study all to parents without mental illness.
Fish, Marcus, Hans, Auerbach, and Perdue four subjects who were diagnosed with schizophrenia (about 10% of the original sample) (1992) summarized a 10-year follow-up of 12 children born to mothers with schizophrenia had a combination of neurobehavioral signs in their late teens (such as poor motor coordinain psychiatric hospitals. Two children developed childhood schizophrenia and 8 others tion, hyperactivity, poor verbal abilities, and difficulties in tasks of perceptual abilities) and were diagnosable with "personality disorders" by age 10 years (possibly schizotypal or para-poor social adjustment as a child (defined as the presence of withdrawn or antisocial benoid personality disorder according to DSM-IV). All of the children who developed psy-havior). In the second study cohort, a combination of measures of gross motor coordinachiatric conditions had developmental lags of motor function and what she called poor inte-tion, fine movements, ability to walk, searching for disappearing objects, and comgration of visual-proprioceptive stimuli. Fish et al. (1992) diagnosed at least 6 of these pa-plex motor behavior seemed to lag behind age-matched controls. Deficits were more tients at adulthood as having severe schizophrenia spectrum disorders and one as having marked in infancy than at ages 7-14 years, but there was an indication that deficits found schizophrenia. A few cases had shown a more severe form of developmental delay, usually in infancy (Marcus, Auerbach, Wilkinson, & Burack, 1981) were predictive of deficits in associated also with slow head and body growth, posture abnormalities, and disorga-school age, suggesting a stable disease process. Supporting this finding even more nized timing of skill acquisition (periods where previously acquired abilities were lost clearly is the latest study of this cohort (Hans, Marcus, Nuechterlein, Asarnow, Styr, & Aubut then recovered, and periods where control of the legs was more advanced than control of erbach, 1999) that confirmed the persistence of neurobehavioral dysfunction into adolescephalic structures, which is highly unusual), with intermittent regression of cognitive abili-cence (ages 14-21 years). All subjects who had schizophrenia spectrum disorders at this ties. They termed these cases "pandysmatura-age also had prior neurobehavioral dysfunc-mented by Walker and colleagues. They studied family videos taken of sibships between tion.
Another study of children of schizophrenic ages 0 and 5 years and were able to distinguish the sibling that later developed schizomothers is the so-called Copenhagen high-risk project (Olin & Mednick, 1996) . Children phrenia based on their reduced dexterity, gait, and other gross motor functions. Dyskinesias who later developed schizophrenia had significantly more deficits in motor coordination at such as abnormal hand postures, choreoathetoid movements, and "associated reactions" age 12 years than high-risk children who developed affective disorders or no psychiatric were present in the first 2 years of life, and their severity was related to the severity of illness.
Several methodological problems afflict illness later on (Walker, Savoie, & Davis, 1994) . This series of studies offers an importhese various studies of children at risk: small numbers of subjects in each group; possible tant complement to the high-risk studies cited above: the patients selected were coming from observer bias, since these families were probably well known to the raters; and, most im-a fairly high socioeconomic class and had very few family members with schizophrenia. portantly, the difficulty in controlling for postnatal environmental factors that might ex-However, there were a few idiosyncratic results; for example, the siblings of preschizoplain some of the deficits observed. For example, in the infant study of Marcus et al. phrenic patients exhibited better neuromotor skills than normal or affective disorder chil-(1981), 6 out of 19 offspring of parents with schizophrenia had been institutionalized for dren, a result that may in part derive from rating videos where both siblings are present at most of the year of study, and 2 other children had suffered multiple separations from their the same time, possibly exaggerating differences. mothers. Parental maltreatment of the children may be another factor not adequately ad-
The most unbiased and informative study designs are birth cohorts, where unselected dressed (Bergman, 1997) , and other characteristics of the mother-infant relationship and births are followed longitudinally for years.
Some of them develop schizophrenia, and family stability may be relevant to postnatal developmental abnormalities (e.g., see Tie-comparison of charts and information collected during childhood can teach us what nari, 1991). For the data reviewed above to support unequivocally the developmental hy-premorbid factors are associated with the illness. These studies also afford a very well pothesis of schizophrenia, postnatal causes of developmental delay would have to be ruled matched set of controls.
Jones, Rodgers, Murray, and Marmot out, a very difficult task. Moreover, studies of children of parents with schizophrenia may (1994) have conducted the most comprehensive study to date on this subject: childhood not be generalizable to schizophrenia as a whole, since both genetic background and data were collected prospectively from more than 5,000 people born in the United Kingearly environment may be quite different for this subgroup of children at risk.
dom during 1 week in 1946. Another birth cohort from the United Kingdom (born in 1958) Small studies of patients with other psychiatric disorders suggest that developmental de-was studied by and Done, Johnstone, Frith, Golding, Shepherd, and lays in motor function may be a risk factor also for the development of affective illness. Crow (1991). The major advantages of these studies are the prospective assessment of large Generally, the literature indicates a more severe dysfunction is present in patients who numbers of subjects and the use of standard methods for psychiatric and neurological aslater develop schizophrenia, but it is also clear that much more information is available for sessment. Moreover, these studies appear especially unbiased, as the data were collected schizophrenia than for affective disorders and other psychiatric diagnoses.
for public health purposes and not for the study of schizophrenia. The cases who develOf the "follow-back" studies, one of the most interesting methods has been imple-oped schizophrenia by age 36 years in the 1946 birth cohort had reached early childhood Risk project. This study has confirmed that IQ or general cognitive functioning is lower in developmental milestones such as walking and speaking significantly later than controls. these children than in children with normal parents or affective disorder parents (Marcus, Timing of puberty and general physical development were unchanged. During adolescence Hans, Auerbach, & Auerbach, 1993; Ott et al., 1998) . Inferences from the study by Ott et there was full recovery from the point of view of motor and language development. How-al. (1998) should be drawn carefully, though, because the authors themselves warn of a posever, the teachers noted an excess of twitches and grimaces at age 15 years and also poor itive bias in the selection of their children of normal parents: their IQ at age 9 years was performance in physical activities. Coordination difficulties were also present in subjects 114, despite their parents having an average IQ of about 100. Interestingly (see below), who later developed affective psychosis (Jones & Done, 1997) . Therefore, some neu-there was no indication of a decline in IQ over time in this sample either in children at risk rological soft signs in childhood may be a relatively nonspecific risk factor for psychosis in or in those who actually developed schizophrenia-spectrum disorders. adulthood.
In summary, it appears that there is conThe availability of cognitive measures for military purposes has offered another source verging evidence that patients who later develop schizophrenia have a higher likelihood of prospective data. David, Malmberg, Brandt, Allebeck, and Lewis (1997) studied a of having delayed acquisition of motor milestones, poor coordination, and other motoric group of 50,000 conscripts to the Swedish army (around age 17 years). Of these, 195 deirregularities early on in their development. Though the deficits are nonspecific and some veloped schizophrenia several years later, and 192 were admitted to the hospital for other of them can appear in other mental illnesses and conditions, these observations appear to kinds of psychoses. The IQs of the "preschizophrenic" subjects were lower than for the be one of the strongest pieces of evidence for the neurodevelopmental hypothesis. The fact control group, and the lower the IQ the higher the risk of schizophrenia. After covarying the that these motor difficulties appear especially during the first stages of motor development effect of global IQ, dysfunction on verbal tasks and "mechanical knowledge" remained strongly implicates an insult in utero or at birth, even though genetic predisposition may significant risk factors. Low IQ was also present as a risk factor for nonschizophrenia psybe a critical component of vulnerability. The rapid CNS reorganization occurring during chosis.
Similarly, Davidson, Reichenberg, Rabinthese stages of development may contribute to the expression of these temporary delays and owitz, Weiser, Kaplan, and Mark (1999) studied conscripts to the Israeli army (average age abnormalities in neurological function.
at testing was between 16 and 17 years). Out of more than 170,000 males, approximately Cognitive changes 1,000 developed schizophrenia, which makes this the largest number of prospectively folChanges in cognition prior to illness onset are also frequently cited in support of the neuro-lowed patients. Confirming prior studies, IQ was significantly lower in preschizophrenics developmental hypothesis. Evidence of neuropsychological dysfunction at early stages of as compared to controls who had attended the same high school. development is also more likely to be due to alterations in the "hardware" or wiring of the A study of a birth cohort in Finland (Isohanni, Jarvelin, Nieminen, Jones, Rantakallio, brain rather than to "software" problems brought about by postnatal interactions with Jokelainen, & Isohanni, 1998) also shows a higher likelihood of children with low IQ and the environment.
A study of children at high risk for schizo-who had to repeat grades in school developing schizophrenia and other psychiatric disorders. phrenia that has focused primarily on neuropsychological data is the New York High In the British birth cohorts, children who later developed schizophrenia had low educational ever, evidence of decline has not been found in other studies (e.g., Ott et al., 1998) . test scores at ages 4 and 6 years (Jones, Rod- One common trend between all studies fogers, Murray, & Marmot, 1994) . In addition, cusing on low IQ as an antecedent to schizoat ages 8, 11, and 13 years cases scored conphrenia is that IQ does not appear to be abnorsistently lower than controls in all tests mally low but rather mildly reduced as (Jones, Murray, & Rodgers, 1995) , even after compared to the control groups and usually adjustment for sex and social class. Verbal, between 90 and 100 on average. This means nonverbal, and mathematics skills were most that differences in IQ are subtle and insuffiaffected, while reading and vocabulary were cient to predict schizophrenia if taken alone. relatively spared in the 1946 birth cohort;
As mentioned, a few of these studies indicate reading, mathematics, oral ability, and quality that some cognitive abilities are preferentially of speech were also affected at ages 7 and 11 impaired in patients with schizophrenia, but years in the 1958 birth cohort (Done et al., the data are inconsistent. It also should be 1994; Jones, 1997) . There was a trend for noted that IQ is a relatively limited assessthese deficits to worsen with age, and cases ment of neuropsychological function, and that were significantly impaired as compared to more detailed cognitive assessments, which controls by age 15 years in the first cohort,
are not routinely performed, might be more but this was not true in the second one. Jones informative and more specific. For example, et al. (1995) combined measures of developCornblatt, Obuchowski, Roberts, Pollack, and ment that showed differences between conErlenmeyer-Kimling (1999) recently showed trols and cases in the first birth cohort and that children at high risk who actually develproposed that developmental deviance inoped schizophrenia spectrum disorders were creased gradually for cases. By age 15 years, significantly deficient on measures of attenpoor intellectual performance and odd behavtion as compared to other children at risk who iors caused these adolescents to be quite difdid not develop spectrum pathologies. A comferent from their peers. Generally, these studbination of attentional measures at age 12 ies tend to show that the lower the IQ of the years and of social adjustment measures bechild the higher the chance of developing tween ages 12 and 19 years predicted the onschizophrenia (Jones, 1997) . In general, these set of spectrum pathologies with about 90% studies are consistent with older retrospective accuracy. While this result is certainly of instudies, as reviewed in Aylward et al. (1984) , terest, the number of probands developing and with case control studies showing lower spectrum illnesses was small (six subjects), premorbid IQ in schizophrenia.
and no correction for IQ was made. Previous In addition to the evidence of lower pre-work from this group (Freedman, Rock, Robmorbid intellectual ability, a few studies sup-erts, Cornblatt, & Erlenmeyer-Kimling, port the idea that a decline in childhood IQ 1998) has supported an indirect and weak might be predictive of psychosis in adulthood. connection between early attentional meaIn addition to the data from the 1946 British sures and adult outcome. birth cohort (Jones et al., 1995) suggesting a In summary, there is evidence for some gradual increase of neuropsychological and premorbid impairment in IQ, while evidence behavioral deviance through the early teens for more specific deficits is inconsistent or and adolescence, a recent study of an unse-tenuous. Furthermore, other studies (e.g., Dalected sample of children (the National Col-vid et al., 1997), seem to indicate that low laborative Perinatal Project; Kremen, Buka, premorbid IQ is not specific to schizophrenia Seidman, Goldstein, Koren, & Tsuang, 1998) but also present in other psychotic disorders, found that IQ decline from expected norma-though possibly to a lesser extent. In general, tive values between ages 4 and 7 years was the evidence reviewed above may be interprepredictive of psychosis at age 23 years, and ted as indicating that a developmental insult more strongly so than either low IQ alone at in utero or at or around birth may result in several mild-to-moderate handicaps (e.g., deage 7 years or socioeconomic status. How-layed motor development, low IQ) in child-teachers were able to predict whether the chilhood, and then schizophrenia in adulthood. dren would have had "future emotional or For a lesser disturbance in utero, the outcome psychotic problems," regardless of the child's may be another psychiatric disorder in adult-gender; however, females who later develhood most likely presenting with psychosis oped schizophrenia were more likely to be but not necessarily as schizophrenia. An alter-rated as nervous and withdrawn and males apnative and complementary interpretation is peared to have more inappropriate and maniagain that the developmental environmental fest disruptive behaviors (resulting in disciinsult is a nonspecific trigger that interacts plinary problems) and to be lonely and with a more psychopathologically specific ge-rejected by their peers. netic predisposition.
Other data to support the association of deviant "externalizing" behaviors with the outcome of schizophrenia spectrum disorders in Changes in social behavior adulthood come from The New York HighChanges in social relatedness also have been Risk Project (Amminger, Pape, Rock, Robobserved prior to the outset of schizophrenia. erts, Ott, Squires-Wheeler, Kestenbaum, & Although these could reflect early brain dys-Erlenmeyer-Kimling, 1999). The assessment maturation, consistent with the neurodevelop-was done by the parents of the children at risk mental hypothesis, they could also be inter-and substance abuse diagnoses were excluded preted as the result of environmental and from the sample. The same group found that educational factors occurring after birth, so children with disruptive behaviors had a they are less central to our argument. Clearly, higher likelihood of being hospitalized for motor function, cognitive capacities, and be-mental disorders in adulthood. havior are intertwined and difficult to separate
The results of the 1958 British birth cohort out. We somewhat arbitrarily draw these dis-study appear to support tinctions and are forced to recognize the limi-the gender dichotomy found in the Danish tations of our current models of cerebral func-High Risk Study with boys (ages 7 and 11 tion and the separation of different research years) who later developed schizophrenia disciplines that will tend to view these dimen-more likely to be rated by their teachers as sions as separate. However, behavioral dys-having more anxiety and hostility towards function is more difficult to quantify and ob-adults and other children. On the other hand, jectify rigorously than IQ or neurological girls were rated as being more withdrawn at dysfunction. Observer bias is stronger and the age 11 years. This concordance with the Danuse of standardized methodology has been ish High Risk Project is quite surprising given limited. The presence of behavioral dysfuncthe difference in instruments, developmental tion prior to illness onset is therefore a less stage of the children tested, and cultural backrigorous line of evidence in favor of the neuground of the two studies. rodevelopmental hypothesis reviewed in this One aspect that has not been addressed in section.
these studies, particularly the ones that found Both aggressive (or "externalizing") bedisruptive behavior in boys to be a risk factor haviors and social withdrawal (or "internalizfor schizophrenia, is the possible diagnostic ing") behaviors have been reported to precede overlap with attention deficit disorder, other schizophrenia. In general, the older retrospecdisruptive behavior disorders commonly diagtive studies (e.g., Watt, 1978) found that disnosed in childhood, and learning disabilities ruptive behaviors, especially in males, might that can lead to difficulties in relationships precede the illness.
with peers and teachers. For example, learnThe Danish High Risk Project included asing disabilities in childhood have been associsessments of behavior of teenagers by their ated with a higher prevalence of schizophreteachers (Olin, Mednick, Cannon, Jacobsen, nia in adulthood (Turner, 1989) . Are they the Parnas, Schulsinger, & Schulsinger, 1998) . Their data agree with the older studies: the expression of the same process or of a sepa-rate and phenomenologically convergent en-Some of these variables were specifically associated with schizophrenia rather than other tity?
Data favoring "internalizing" behaviors as psychoses. The authors conclude that difficulties in establishing relationships predate precursors of schizophrenia have also been generated, at times from the same databases schizophrenia. However, these disturbances had poor predictive value since only 3% of as those for externalizing behaviors. For example, Tyrka, Cannon, Haslam, Mednick, schizophrenia cases had the concomitant occurrence of all four variables listed above. Schulsinger, Schulsinger, and Parnas (1995) found that measures of social withdrawal, so-A recent study conducted in Finland (Cannon, Jones, Huttunen, Tanskanen, Huttunen, cial anxiety, passivity, flat affect, and peculiarity obtained from a combination of the Rabe-Hesketh, & Murray, 1999) looked at school performance between ages 7 and 11 teacher's ratings and psychiatric interviews at the time of initial evaluation (age 15 years) years in a group of 400 patients with schizophrenia and 400 controls and found that were predictive of diagnostic outcome in adulthood for both males and females. In the neither academic achievement nor conduct problems seemed to be associated with schiz-1946 British birth cohort, while Jones et al. (1994) did not find any association between ophrenia in adulthood in this sample. Instead, low marks in disciplines such as sports and antisocial behaviors and later development of schizophrenia, they did find that children who crafts (interestingly, both disciplines where motor coordination, rapid planning abilities, later developed schizophrenia were more likely to have solitary play preferences, as ob-and interaction with peers are required) were predictive of schizophrenia. These apparent served by their mothers at ages 4 and 6 years. During adolescence (Jones et al., 1995) these discrepancies with other studies may have to do with cultural differences in the school syspatients rated themselves as being more anxious in social situations and less confident so-tems and with how ratings were done. Nevertheless, cases were less likely to proceed to cially. Their teachers rated them as being "more tired and washed out," as "avoiding high school, despite similar school performance than their peers, a clear indication that competition," and "appearing gloomy" more than their peers both at ages 13 and 15 years. something was different in these children.
A possible reconciliation between these In addition, they were rated as having difficulty making friends and having poor ability opposing results may be possible, based on the work of Cannon, Mednick, and Parnas at physical games at age 13. Jones et al. (1995) summarized these findings by describ- (1990) : the type of behavior abnormality in the children at risk in their teens seemed to ing these children as possibly having precursors of negative symptoms.
predict and be consistent with the type of symptomatology displayed later on. Being Davidson et al. (1999) , in the Israeli Army study, found that together with intellectual de-disruptive and aggressive in school predicted schizophrenia with a predominance of posicline, poor social relations and low ability to appear organized (as measured by military tive symptoms, and passivity and withdrawal predicted predominantly deficit states (Canpersonnel) were already observable several years prior to the illness onset and predictive non et al. , 1990) . In general, the degree of deviant behavior was correlated with the seof future schizophrenia. Malmberg, Lewis, David, and Allebeck (1998) studied Swedish verity of symptoms, with more and longer hospitalizations and with more prominent conscripts to the army at age 18 years, who had completed a self-assessment question-negative symptoms (usually resulting in more severe, chronic, refractory, and disabling illnaire. Conscripts who later developed schizophrenia had a higher likelihood of having few ness; Olin et al., 1998) . To further support this view of early social adaptation as a predictor close friends, preferred to socialize in small groups, felt more sensitive than others, and of illness characteristics, Robinson, Woerner, recently found that did not have a steady girlfriend compared with conscripts with no psychiatric outcome. poor adaptation to school and social with-drawal predicted risk of relapse after illness While considering these alternatives may seem like a simple proposition, the reality of onset. These various data are consistent with a large body of clinical evidence that had ap-the clinical course of illness is not easily classifiable and is notoriously variable. The defipeared in the literature during the 1950s and 1960s asserting that poor premorbid social ad-nition of schizophrenia implies both elements of chronicity (e.g., loss of function) and justment predicted poor outcome. In summary, studies of premorbid characteristics of symptoms that are known to change over time (e.g., disorganized behavior). Some symppatients with schizophrenia indicate that abnormalities in various functional domains are toms (e.g., auditory hallucinations) respond to treatment, while others (e.g., negative symppresent before the onset of the manifest illness.
toms) do so less reliably.
There are a number of environmental, Though compatible with the neurodevelopmental hypothesis, the evidence reviewed in postnatal confounds that are difficult to control in naturalistic studies: differences in treatthis section cannot differentiate between a model where schizophrenia, motor, cognitive, ment, lack of treatment, side effects of medications, the changes in institutionalization and social impairment are manifestations of the same underlying biological phenomenon policies, degree of cultural and family acceptance of the symptoms, degree of dangerous-(which would be compatible with the neurodevelopmental hypothesis) and a model where ness of the symptoms in their individual expression, acute versus insidious onset, and low IQ and neurological and social awkwardness amplify whatever is the underlying bio-many other variables that contribute to an extreme variability in course. Even the course logical risk factor for schizophrenia, but remain completely independent processes. descriptors defined in the DSM-IV (episodic with or without interepisode residual symptoms, continuous or single episode in partial Evidence From Adulthood (After or full remission) are rarely used in clinical Illness Onset) and research settings. Ciompi (1980) identified 8 different course patterns, while a recent As we depart from the period of time implicated as causative by the neurodevelopmental study in India (Thara, Henrietta, Joseph, Rajkumar, & Eaton, 1994) identified 4, and Dehypothesis, it becomes more and more difficult to find data that would make a compel-Lisi, Sakuma, Ge, and Kushner (1998) identified 15. The DSM-IV states that "because of ling case either for or against the hypothesis. This is mainly because of the complex postna-variability in definition and ascertainment an accurate summary of the long-term outcome tal interactions with the environment that could interact with the biological substrate of of schizophrenia is not possible."
Regardless of the variations in course, the the illness. Nevertheless, the results of studies of patients who manifest the illness in adult preponderance of the evidence points again away from a degenerative process. Most natulife have been interpreted in the context of this hypothesis.
ralistic scenarios follow a course recently proposed by Breier, Schreiber, Dyer, and Pickar (1991), which involves some deterioration of Clinical manifestations of the illness and the function from premorbid levels over the first neurodevelopmental hypothesis 5 years of the illness (see also Carpenter & Strauss, 1991) , followed by a period of stabiThe clinical course of the illness might provide some data on the plausibility of the neu-lization and then gradual improvement. While functional deterioration is an important aspect rodevelopmental hypothesis, in that a progressively deteriorating course would imply a of the illness, particularly early in the course, it may be more prone to environmental factors degenerative pathophysiology and would be less compatible with the hypothesis than a sta-related to societal and medical response to the illness rather than the illness itself. The longible and continuous pattern of symptoms or an improvement over time after illness onset. tudinal studies from Maine and Vermont (De-sisto, Harding, McCormick, Ashikaga, & ophrenia, Hegarty, Baldessarini, Tohen, Waternaux, and Oepen (1994) noted that even Brooks, 1995) point to marked differences in outcome based on the policies of the two though neuroleptics have probably improved the outcome, at least 40% of patients had faneighboring states, which underscores the importance of intervention in determining the vorable outcomes even prior to the introduction of these drugs. These data clearly indicate outcome of the illness. Even prior to the introduction of neuroleptics, there is some evi-that schizophrenia is, by and large, a prolonged disease but with a substantial rate of dence that effective psychosocial interventions changed outcome favorably (Stephens, symptomatic improvement. This rate has been estimated to be around 50% by many longitu-1978).
Eaton, Thara, Federman, Melton, and Li-dinal studies in the era of neuroleptic treatment (Harding, Zubin, & Strauss, 1992) . ang (1995) studied 90 patients with monthly evaluations over a 10-year period and reported that prevalence of symptoms by and large decreases over the 1st year of the illness Course of cognitive changes after and then stabilizes at fairly low levels after 2 schizophrenia onset years, with a trend for symptom presentation to become more stable and predictable over The neurodevelopmental hypothesis predicts an essentially static pathology from early in time, especially for negative symptoms. When positive and negative symptoms present con-life, though the effects of the pathology may vary during the life cycle. Thus, stable neurocomitantly, there is a slow increase in symptom prevalence over 10 years, going from 2% psychological function over time would be compatible with the hypothesis, while deterioof the sample after 2 years from onset to 15%. After 10 years the prevalence of any symptom ration of cognitive function over time would be more compatible with a degenerative was 30%. Patients without positive or negative symptoms were 74% of the sample. In a process. The case of fluctuations in cognitive function accompanying clinical course variaprospective study of patients in Madras, India, a substantial proportion (65%) had partial or tions would be an intermediate outcome that
would not easily allow either conclusion. full remissions resulting in an average length of psychosis equivalent to about 1.5 years out
The preponderance of the evidence indicates that neuropsychological profiles remain of 10 (Thara et al., 1994) . Less than 10% of the sample were psychotic for more than 75% relatively unchanged over time (reviewed in Rund, 1998) , despite the downhill course of the time. Similar results were found by Mason, Harrison, Glazebrook, Medley, and from a functional point of view of some patients. Many of the studies listed above where Croudace (1996) during a 13-year follow-up study and by the Iowa 500 study (Tsuang et patients were followed longitudinally actually show an increase of IQ over time, possibly al., 1979): overall, 41% of patients had good occupational outcomes and 46% had "nonde-related to symptom relief. There is evidence that clinical symptomatology interacts with bilitating" levels of symptomatology after 35 years of follow-up. Even the negative symp-neuropsychological function to a modest degree, but in general severity of psychosis does toms of schizophrenia that seem to be less modifiable over time do not show a pattern not predict severity of cognitive deficits (see Aylward et al., 1984 , for a review). Therefore, of deterioration, rather one of stability (Arndt, Andreasen, Flaum, Miller, & Nopoulos, the bulk of this evidence is also against a degenerative process. The discrepancy with the 1995), more compatible with a neurodevelopmental process than with a degenerative one. functional deterioration and general dilapidation sometimes observed in schizophrenia Studies that have tried to address the course of the illness prior to neuroleptic treat-suggests that some of the social problems encountered by these patients may be progresment also found that improvement occurred in the majority of patients (Stephens, 1978) . In a sive in their own right (i.e., it may be significantly more difficult to find housing after meta-analysis of longitudinal studies of schiz-becoming homeless or to find work after a pe-important to understand that there is physiological variability of "structural" brain meariod of unemployment).
A controversial aspect of this literature is surements during the course of a lifetime. So called "structural" brain measurements obthe frequent finding of a gap between scores on tests considered to be indicative of "pre-served with an MRI scan may well reflect functional parameters (e.g., changes in nutrimorbid IQ" (generally tests of reading ability such as the WRAT or the NART) and the cur-tion, blood volume, perfusion). While the reproducibility of the techniques is fairly good, rent IQ, which is low or at least lower than predicted by the premorbid IQ estimate (e.g., especially for the more sophisticated computerized methods now available to segment Crawford, Besson, Bremner, Ebmeier, Cochrane, & Kirkwood, 1992) . This gap might be gray and white matter, little is known of the natural variability of these measurements and an artifact of preserved reading skills in the context of lowered premorbid intellectual what factors might influence them. Several examples of factors that might affect the size function (e.g., Jones et al., 1994) showed preserved vocabulary and reading skills in the of the brain as seen on MRI have emerged:
typical neuroleptic medication has been context of poor mathematical and verbal abilities in children who later developed schizo-shown to cause an increase the size of the basal ganglia (Gur, Maany, Mozley, Swanson, phrenia), or it might mean that there is indeed a drop in cognitive function between the time Bilker, ; conditions of hydration modify the T1 signal in MRI scans, and sigthat reading abilities are acquired and onset of the illness. The latter possibility is supported nificant changes were observed in relationship to withdrawal from alcohol; hyponatremia has by occasional studies noting a progressive decline in cognitive function prior to illness on-been shown to correlate with ventricle brain ratio in patients with schizophrenia and in set (Jones, 1995) , but not all studies have shown this . In summary, polydipsia under conditions of water loading; and reduced hippocampal size has been found even though some studies indicate that there may be cognitive deterioration at illness on-in humans with Cushing's syndrome (where the changes are reversible), posttraumatic set, the preponderance of the longitudinal studies of cognition in schizophrenia indicate stress disorder (PTSD), and depression (all conditions characterized by excessive glucoa substantially stable course. corticoid release), and animals who have been treated with glucocorticoids show reversible MRI and computed tomography (CT) loss of apical dendrites in the hippocampus. morphometry This latter finding has stimulated speculation that the changes found in depression and in If the neurodevelopmental hypothesis is correct, then we would expect to find indications PTSD might also reflect such regression of cellular processes. However, this seems to us that whatever changes in brain anatomy are present in schizophrenia, they remain constant very improbable, as the magnitude of the MRI changes (in the 10-20% range) is far in exover time and are present at the onset of the illness or even before the illness manifests it-cess of what could result from dendritic atrophy. Perhaps the clearest evidence of reversself. Gross brain anatomy has been explored in vivo with MRI and CT to test these as-ible, and likely physiological, volume changes has been seen in anorexia nervosa, where apsumptions. This field of investigation has seen a veritable explosion of recent efforts to de-parent atrophy during malnutrition is largely reversible after refeeding. Most of these facfine biological markers of the disease and their possible stability or progression over tors (e.g., state of hydration and nutrition and levels of stress and glucocorticoids at the time time. In particular, a series of follow-up studies have appeared specifically addressing the of exam) are not routinely controlled for in MRI morphometry studies, may be very diffiquestion of whether the "pathology" is static or progressive.
cult to measure, and may vary considerably with the patients' clinical condition. Before venturing into this literature, it is The magnitude of most changes that have man, Urowhamell, & Weinberger, 1994) and later on during its course (Illowsky et al., been observed with MRI over time in schizophrenia (in the range of 5-20%) seem to be 1988); however, some of these studies found progression in a subset of patients (Davis, largely incompatible with proportional changes in neuronal quantity (no such evi-Buchsbaum, Shihabuddin, Spiegel-Cohen, Metzger, Frecska, Keefe, & Powchik, 1998) . dence exists postmortem, as we shall see later on) and more easily explained by as yet not In one study ventricle enlargement was correlated with poor response to neuroleptics (Vita, fully identified physiological mechanisms (e.g., changes in perfusion or blood volume). 1991), while attributed progression of ventricle size to a nonremitting Therefore, findings of differences in the size of certain structures between normals and pa-clinical course, even though those patients who had such a course had been treated with tients with schizophrenia using MRI or CT morphometry may not be related to immuta-neuroleptics and institutionalized for many more years than the comparison group. Even ble anatomical changes in the brain. Despite these caveats, morphometric studies have among patients with a nonremitting course of illness, at least three individuals had reducidentified some abnormalities that have been central to the neurodevelopmental hypothesis. tions in VBR of about 20% over the 5-year follow-up. An increase in ventricle size in schizophrenia has been the most well replicated finding
There have been relatively few longitudinal MRI morphometry studies that could adin the neuroimaging literature. Most studies have found no correlation with illness dura-dress the issue of progressive change in brain tissue volume over the course of the illness. tion (Weinberger et al., 1979) and enlarged ventricles are found even in first-episode pa-The first study of this kind (Degreef, Ashtari, Wu, Borenstein, Geisler, & Lieberman, 1991) tients (e.g., Delisi, Stritzke, Holan, Anand, Boccio, Kuschner, Riordan, McClelland, & paid considerable attention to methodology and found no evidence for progression. Delisi, Vaneyle, 1991; Gur, Cowell, Turetsky, Gallacher, Cannon, Bilker, & Gur, 1998; Wein-Stritzke, Riordan, Holan, Boccio, Kushner, McClelland, Vaneyl, and Anand (1992) conberger et al., 1982) . These findings have been interpreted to reflect a static neuropathology firmed these initial results on a sample of 24 patients studied at their first episode and over that predates the onset of the clinical illness.
However, a recent review (Woods, 1998) a 2-year period. A counterintuitive negative correlation between ventricle volume change, argues that not only ventricular CSF is increased in MRI studies but also extracerebral time spent in the hospital, and number of hospitalizations was found. This latter result was CSF, and usually to a greater extent than ventricular CSF. The enlargement of extraventric-quite surprising, since one would have expected the opposite if ventricle enlargement ular CSF spaces indicates an atrophic process occurring after maximal brain expansion, and were due to irreversible tissue loss. An expanded cohort of 50 patients has been folthis would have to occur after birth. While this interpretation is generally acceptable, it is lowed prospectively with MRI for 5 years, creating results that are confusing and contraonly as valid as the MRI finding is reflective of tissue loss causing the volume reduction. dictory from one paper to the next (e.g., Delisi, Tew, Xie, Hoff, Sakuma, Kushner, Lee, The volume change could occur because of other physiological factors as noted above. As Shedlack, Smith, & Grimson, 1995; Sakuma, Tew, Kushner, Hoff, & Grimson, 1997) , poschanges in CSF spaces have not been as consistently observed at illness onset, this might sibly due to measurement problems in their control sample. While the above-cited studies also be a medication induced physiological artifact. looked at average change over time, the latest study by DeLisi et al. (1998) reported marked Longitudinal CT studies have generally supported the lack of progression of ventricu-intraindividual variability in ventricle and brain sizes over multiple assessments, with lar enlargement, both at the very beginning of the illness (Jaskiw, Juliano, Goldberg, Hertz-single subjects showing reversible increases and decreases up to 10% of the initial mea-a more markedly progressive form of enlargement. The literature has conflicting results resurement. This result is again suggestive of a "functional" change rather than a "structural" garding this prediction, but the samples are invariably underpowered. Some data were change. Moreover, in this study larger ventricles and smaller brains were associated with suggestive of an association between OCs and larger ventricles (e.g., Pearlson, Kim, Kubos, improved clinical outcome. Substance abuse seemed to be a relevant factor in determining Moberg, Jayaram, Bascom, Chase, Goldfinger, & Tune, 1989) , but others (Niminitial CSF enlargement and was more prevalent among the patients who had poor recov-gaonkar et al., 1988) could not replicate this.
In a small subgroup of the Copenhagen High ery. Gur, Cowell, et al. (1998) followed 20 first-episode and 20 already-treated schizo-Risk Study (Cannon et al., 1989) ventricle size correlated with a history of delivery comphrenics for 1-2 years. They found some evidence of progressive reduction of frontal lobe plications and low birth weight. McNeil, Cantor-Graae, and Weinberger (in press) studied volume but not of temporal lobe or of ventricular volume. Frontal lobe changes were the relationship of MRI findings and OCs in monozygotic twins discordant for schizophreassociated with reduced neuropsychological performance over the same time period. How-nia. Both increases in ventricle size and decreases in hippocampal volume that differenever, medication dose was also correlated with volume changes, suggesting a neurolep-tiated the ill twin from the normal one were strongly related to labor complications, but tic, probably physiologic effect. Surprisingly, greater volume loss in the temporal lobe was these complications were experienced by both the ill and well twins. correlated with less clinical deterioration in previously treated patients, and improvement "Disconnectivity" between frontal and medial temporal regions has also been proposed in delusions and thought disorder correlated with temporal volume loss in first-episode pa-to be evidence in favor of the neurodevelopmental hypothesis. If something disrupts brain tients. Moreover, temporal lobe size reduction was the best predictor of clinical improve-development between 20 and 40 weeks of gestation, when primary synaptic connections ment, and this variable did not differ between patients and controls.
are established, then those brain areas may not grow harmoniously in size and may not reThese confusing and inconsistent findings from one study to another do not make a spond in the desired way when stressed by tasks that require their tight cooperation strong case for progressive neuropathology. There is considerable intra-and interindivid- . Bullmore, Woodruff, Wright, Rabe-Hesketh, Howard, Shuriquie, ual variability in schizophrenia, and it is very difficult to control for all the environmental and Murray (1998) attempted to test this hypothesis with structural MRI. They expected factors that can contribute to this variability, especially medication effects and substance correlation in sizes of various areas of the brain to be different in patients with schizoabuse. The intraindividual variability in anatomical measures implicates secondary physi-phrenia and normal volunteers, and found reduced correlations between frontal and temological processes.
Another prediction that would naturally poral lobe volume and frontal and hippocampal volume on the left for patients with schizstem from the neurodevelopmental hypothesis is that documented obstetric complications ophrenia. At least theoretically in keeping with this view are the results of a recent MRI and other premorbid abnormalities might be associated with the neuroanatomical changes study by Csernansky, Joshi, Wang, Haller, Gado, Miller, Grenander, and Miller (1998) observed in the illness or with more marked forms of structural alterations. For example, which found shape abnormalities in the hippocampus of patients with schizophrenia eswe might expect that patients who have suffered OCs or developmental delays in their pecially in those areas that are more densely connected to the prefrontal cortex. These infancy have larger ventricles or a higher incidence of ventricular enlargement or possibly studies were consistent with earlier MRI evi-dence of shape differences in the mid tempoCrow has hypothesized that an abnormal frequency of brain asymmetries may be a core ral lobe (Casanova, Goldberg, Suddath, Daniel, Rawlings, Lloyd, Loats, Kleinman, & feature of schizophrenia and might be genetically determined (reviewed in Crow, 1996; .
Results compatible with these assumptions see also Annett, 1997 , for the original hypothesis regarding the genetic determination of about connectivity derive also from functional studies of cerebral blood flow (CBF; Frith, hemispheric lateralization). This hypothesis lacks consistent support in the literature and 1995; Weinberger, Berman, Suddath, & Torrey, 1992) . For example, Weinberger et al. cannot explain more generalized deficits in patients with schizophrenia that are not (1992) found that hippocampal volume on MRI was related to dorsolateral prefrontal ce-attributable exclusively to left hemisphere dysfunction. For a review of some of the relerebral blood flow activation in monozygotic twins with schizophrenia but not in their unaf-vant arguments against this hypothesis, the commentary by Elvevåg and Weinberger fected cotwins. The differences in hippocampal volume between twins predicted the dif-(1997) to the above-cited review by Annett is a helpful guide. ferences in CBF in the prefrontal cortex, suggesting that the cooperation between these MRI technology has also allowed detailed pictures of the surface of the brain. It is well two areas of the brain was faulty. Unfortunately, no direct evidence is available to pin-known that the main sulci and gyri are already formed prior to birth. Therefore, finding alpoint the origins of "disconnectivity" exclusively to development.
tered configurations of these structures in young adults with schizophrenia would conAnother extensive area of investigation related to the neurodevelopmental hypothesis stitute evidence in favor of the neurodevelopmental hypothesis; however, currently availhas been studies of hemispheric asymmetry in the brain of patients with schizophrenia able evidence is inconsistent (Noga, Bartley, Jones, Torrey, & Weinberger, 1996) . (Crow, Bruton, Frith, Johnstone, & Owens, 1991) . Geschwind and Levitsky (1968) first noted that the area of the planum temporale Evidence From Postmortem Studies was normally asymmetric (left > right) and showed that this may be related to handedness There are few postmortem findings that could serve as a test of the neurodevelopmental hyand language. This asymmetry develops during gestation, and therefore a loss of this pothesis. For example, cortical heterotopias clearly originate during early development, asymmetry may implicate interference with the gestational event. A lack of normal asym-and degenerative changes such as plaques and tangles occur late in life. There is a broad conmetry in the planum temporale was noted by Falkai, Bogerts, Schneider, Hobson, and sensus in the literature that the latter are not a common finding in schizophrenia (reviewed Pfeiffer (1995) in a postmortem study. However, sophisticated MRI studies have shown in Arnold, 1999). Neuropathology studies have usually shown a lack of gliosis (Casaconflictual results: some studies (e.g., Kwon, McCarley, Hirayasu, Anderson, Fischer, Kiki-nova, Stevens, & Kleinman, 1990) excluding a cause such as infection, or other focal acute nis, Jolesz, & Shenton, 1999) found reversal of asymmetry or loss of asymmetry, while damage in adulthood. Jakob and Beckmann (1986) , with some others (Kulynych, Foundas, & Weinberger, 1995) showed no difference between patients support from others (Arnold, Hyman, Vanhoesen, & Damasio, 1991; schizophrenia and normals. Other measures of asymmetry have focused on brain 1992; also see Akil & Weinberger, in press , for a critique), reported abnormal sulcogyral torque (Luchins et al., 1979) or on other indexes of morphological asymmetry (Bull-patterns, abnormal cytoarchitectonics of the enthorinal cortex, and heterotopic cells in more, Brammer, Harvey, Murray, & Ron, 1995) , again showing reduced asymmetry in some cortical layers in many of their patients, but further, more careful studies have been some studies but not others. unable to confirm this (Akil & Lewis, 1997; man-Rakic (1998) and Lewis and Anderson (1995) found increased neuronal density in Krimer, Hyde, Herman, & Saunders, 1997) . In particular the study by Krimer et al. (1997) prefrontal and occipital areas in patients with schizophrenia. The most parsimonious explamatched the topography of the brain between controls and schizophrenia patients much nation for this finding is a reduction of soma and neuropil size. The area where findings of more accurately and found no difference in the degree of cellular disarray. Bernstein, cellular changes have been more frequent has been the medial temporal lobe (see Falkai & Krell, Baumann, Danos, Falkai, Diekmann, Henning, and Bogerts (1998) also could not Bogerts, 1996) , where the replicable finding is a loss of neuropil and a reduction in neuron find an increased rate of heterotopias in the enthorinal cortex of patients with schizophre-size, possibly consistent with reduced connectivity (Weinberger, 1999a) . There is some nia and found a fairly high frequency of these "abnormalities" in normals.
additional evidence for neuropil loss in studies showing reduction of synaptic counts Akbarian, Bunney, Potkin, Wigal, Hagman, Sandman, and Jones (1993) studied (Lewis & Glantz, 1997) , of cell size especially in the hippocampus (Zaidel, Esiri, & NADPH-D positive neurons that derive from the subplate, an area critical for the develop-Harrison, 1997; reviewed in Weinberger, 1999a) , and of proteins that are associated ment of cortical lamination and connectivity. Subplate neurons migrate during the last 2 tri-with synaptic integrity and plasticity, such as synaptophysin (Eastwood & Harrison, 1995) mesters of gestation to assume their normal position in deep cortical layers. If something and GAP-43 (PerroneBizzozero, Sower, Bird, Benowitz, Ivins, & Neve, 1996) . were to disrupt their trajectory, they might be found ectopically displaced. Akbarian, BunIt is difficult to link the available evidence from postmortem studies to the neurodevelopney et al. (1993) reported that these neurons were situated abnormally deep in the white mental hypothesis per se. The presence of a fully formed neuron in the right place would matter in prefrontal cortex in patients with schizophrenia, as if these neurons had stopped tend to exclude a disturbance of the migratory process (which usually is complete by 29 from achieving their normal trajectory. They also noted that NADPH-D positive neurons weeks of gestation) or of events occurring prior to neuronal migration. However, plasticwere reduced in number in the hippocampus (Akbarian, Vinuela, Kim, Potkin, Bunney, & ity is maximal between the 2nd and 3rd trimesters of gestation, and damage to the neuJones, 1993). Akbarian, Kim, Potkin, Hetrick, Bunney, and Jones (1996) , however, were not ropil has a higher likelihood of occurring at this time. An excess of pruning later in life able to replicate fully their initial results in a larger cohort (see Akil & Weinberger, in and particularly in adolescence (Feinberg, 1982) may also account for these findings. In press, for a critique of this study). Anderson, Volk, and Lewis (1996) obtained opposite re-general, though, these data appear to indicate that connectivity is diminished in schizophresults, showing that neurons thought to be subplate remnants are more dense in superficial nia, supporting the MRI evidence that we discussed earlier. white matter layers in the frontal lobe. In all of these studies, except for the initial report
The investigation of proteins that are known to play a central role in brain developby Akbarian, Bunney, et al. (1993) , only a minority of patients displayed these abnormali-ment guiding neuronal migration or proliferation has recently exploded: Barbeau, Liang, ties and evidence that the finding is specific to schizophrenia is lacking.
Robitaille, Quirion, and Srivastava (1995) found a significant reduction of PSA-NCAM Despite early reports of neuronal loss in some cortical areas of patients with schizo-in the dentate gyrus and the hilus region (but Vawter, Cannon-Spoor, Hemperly, Hyde, phrenia (Benes, Sorensen, & Bird, 1991; Falkai & Bogerts, 1986) , more careful studies VanderPutten, Kleinman, & Freed, 1998, found an increase), Hyde et al. (1997) found have generally not confirmed this. On the contrary, Selemon, Rajkowska, and Gold-a reduction of LAMP in the enthorinal cortex, and Impagnatiello et al. (1998) found reduced . The description of behavioral correlates in the adult rats and of neuroreelin protein in schizophrenia brain. The specifics of the role of these molecules in adult pathological findings may provide molecular insights about findings in schizophrenia. In brain function is largely unknown, so it may be imprudent to assign these findings to a addition to a refinement of the hypothesis, also the methodology to investigate the brain purely developmental lesion. Most of these results await replication. A final note of at a molecular level noninvasively and throughout the course of development will caution derives from the comparison of neuropathological findings known to occur in schiz-have to evolve.
Our ability to develop a more detailed hyophrenia and those which are associated with unequivocal perinatal injury and OCs pothesis regarding the relevance of brain development to schizophrenia will certainly be (Marin-Padilla, 1997). Generally, the latter group of lesions are much more severe and enhanced by a clearer understanding of the molecular biology of brain development. easily recognizable than what we have described in this article for schizophrenia.
Many proteins appear to have a role in elaborating neural architecture. Some (e.g., reelin, LAMP, PSA-NCAM) have been mentioned in Future Directions the neuropathology section, but many more will undoubtedly be found. More is being disThe neurodevelopmental hypothesis is not easily falsifiable. All the evidence reviewed covered about the critical role of classical neurotransmitter systems, such as GABA and here is circumstantial, and no single finding can likely be taken as absolute proof either glutamate, in guiding development (e.g., Schell, Brady, Molliver, & Snyder, 1997), and for or against the developmental nature of schizophrenia. This should not be surprising, new, complex information is emerging identifying the genes that regulate these complex since many adult nondegenerative illnesses may be construed to have a developmental as-processes (e.g., Xuan, Baptista, Balas, Tao, Soares, & Lai, 1995) . The function of neural pect that sets the stage for the expression of the phenotype. So what would make us be-growth factors and the complex cascade of molecular events following their binding to lieve more firmly in this hypothesis? What questions should future research ask of schiz-specific receptors in the CNS have become a focus of intense investigation, and it is likely ophrenia? Ultimately, the neurodevelopmental hypothesis has to become more specific that important discoveries in this field will modify our current hypothesis of schizophreand identify one or more molecular substrates that change over the course of human devel-nia. In this context, it is possible that molecules known to us from other fields of mediopment and whose alteration could explain clinical, cognitive, and biochemical observa-cine (such as those involved in regulation of the immune system) will be found to play a tions of the illness. The study of these molecular substrates in animals and the develop-role in schizophrenia too.
In general, the mechanisms of cell migrament of animal models of schizophrenia would be a benchmark to demonstrate the tion and differentiation in the CNS are still poorly understood, and as we discover some plausibility of new insights into the pathophysiology of the illness, similarly to the ani-of the genes that regulate them and the environmental influences they are susceptible to, mal model developed in our laboratory (Lipska, Jaskiw, & Weinberger, 1993) , where a further targets of investigation will emerge.
Adult schizophrenia is likely to result from an relatively gross lesion of the ventral hippocampus at an early stage of development interaction of deviant developmental mechanisms and environmental insults: we need to gives rise to adult behavioral disturbances that respond to neuroleptics. Other animal models learn more of both to pinpoint the mechanisms of the neurodevelopmental hypothesis. are being developed based on toxic insults to cell division during critical periods of devel-The role of the environment in neuronal proliferation, receptor expression, and the deteropment (Black, Selk, Hitchcock, Wettstein, & mination of behavioral phenotypes has be-latory patterns (Joliot, Ribary, & Llinas, 1994) . This function may also turn out to be come more and more evident not only from the studies on neurogenesis brain (Eriksson, altered in schizophrenia, and it likely has a developmental and molecular origin. Perfilieva, Bjork-Eriksson, Alborn, Nordborg, Peterson, & Gage, 1998; Gould, Reeves, For all of these areas, technological advances will be essential to understand the Graziano, & Gross, 1999) but also from those of maternal rearing behavior in rats (Meaney, course of molecular, cellular, and systems events over the span of development. From 1999).
At the cellular level, the complex cellular-the point of view of neuropathological investigations, the development of microarrays for molecular interactions involved in neuronal and dendritic arborization (Meyer & Goffinet, mRNA identification from a single cell will allow leaps in the ability to identify new mol-1998) will offer new perspectives. The rapidly developing story about neurogenesis in adult ecules and their function, and to map the developmental profile of their expression. At a human brain (see references above) may also be a target of investigation, as will be the cellular and systems level, it is possible that new nuclear medicine tracers will allow us to mechanisms involved in pruning intercellular connections (Chen & Stanfield, 1987) and observe the distribution and quantity of molecules that regulate brain development or the programmed cell death in the developing CNS (Burek & Oppenheim, 1996) . distribution of specific cell populations. Hopefully, tracers that are not radioactive Finally, there are phenomena at a more systems level that will have explanatory may be developed for MRI and ways may be found of increasing the spatial resolution of power for some of schizophrenia's manifestations. In particular, cerebral plasticity appears these techniques even further.
Developments in methodology may allow to be an important area of investigation. If, indeed, there is an early lesion to the brain, us to revisit evidence for "disconnectivity" in schizophrenia. The advent of diffusion anisotthen how does the undamaged brain react? Could it be that the repair mechanism ends up ropy techniques in MRI (Conturo, Lori, Cull, Akbudak, Snyder, Shimony, McKinstry, Burcreating even more damage? (There is some evidence of this from the work of Marin-Pad-ton, & Raichle, 1999) promises the capability to track anatomical fibers from one area of the illa, 1999.) Could it be that the repair mechanism is genetically altered and imperfect in brain to another and could provide not only direct evidence of disconnectivity in schizoschizophrenia, so that in the absence of a lesion in a critical stage of development the ill-phrenia but also evidence of its developmental course through life. ness does not develop? Why is it that the adult brain of a patient with schizophrenia does not compensate much over time? Do patients with Conclusion schizophrenia have intact cortical plasticity? The advent of methods such as transcranial The neurodevelopmental hypothesis of schizophrenia offers a framework for investigation magnetic stimulation (TMS) to study cerebral plasticity in vivo with low risk (Pascual-that prompts us to focus on early antecedents and in particular on events during pregnancy. Leone, Tarazona, Keenan, Tormos, Hamilton, & Catala, 1999) may have application in It has obvious public health implications in that prevention should start early and include studies over the course of development. Such methods might elucidate how cortical maps interventions at multiple ages. A vast body of literature supports this contention, but evidevelop and change during life.
Another area of future investigation at the dence of specificity for schizophrenia is limited. systems level will focus on electrical phenomena in the brain. The stimulus "binding" ca-
The extensive literature reviewed here allows us to dismiss a purely degenerative hypacity of neural systems appears to be related in part to the ability of different cerebral areas pothesis of schizophrenia. Convergent evidence across the life cycle contradicts this to discharge in orderly and coordinated oscil-view. While much evidence points to the last populations of subjects at elevated genetic risk for several years. These data will help months of gestation as a critical period for vulnerability to potential causes of schizo-weave a thread of understanding across the life span of the schizophrenia phenotype: phrenia, there is no clear evidence against a cause operating across infancy and adoles-from conception to birth, through childhood and adolescence, to the first expression of the cence and possibly through the initial phases of the illness. On the other hand, the evidence illness and its natural course, and ultimately to prove or disprove the neurodevelopmental in favor of such a postnatal pathological process is meager.
hypothesis. Central to understanding the impact of neural development on schizophrenia While not fully demonstrated, the neurodevelopmental hypothesis remains the most heu-will be future discovery of the molecular mechanisms governing brain growth and conristic conceptual framework, with the broadest health policy implications and the most nectivity and the evolution of technology to assess the expression of these molecules, evidence in its favor. The next few years will bring relevant information from the longitudi-hopefully in vivo and noninvasively across the life span. nal cohort studies that have followed entire
